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The application of resonant soft x-ray scattering to chemically heterogeneous soft condensed matter
materials is presented. Two structured styrene-acrylic polymer composite latex particles ⬃230 nm
in diameter were utilized to delineate the potential utility of this technique. Angular scans at photon
energies corresponding to strong scattering contrast between specific chemical moieties made it
possible to infer the effective radii that correspond to the two polymer phases in the nanoparticles.
The results show that resonant soft x-ray scattering should be a powerful complementary tool to
neutron and hard x-ray scattering for the characterization of structured soft condensed matter
nanomaterials. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2356306兴
Structured macromolecular materials play an important
role in many nanotechnology and biotechnology developments 共see, e.g., Sundberg and Durant1 and references
therein兲. Owing to their small size scale and complexity a
wide range of powerful tools, e.g., x-ray2,3 and neutron
scattering,4,5 electron microscopy and scanning probe microscopy, and complementary methods are necessary to infer
and delineate morphology and composition. Synthetic composite latex particles, which are composed of two or more
homo- or copolymers, have an extraordinary range of applications and are good examples of nanomaterials with internal
structures.1 Complex dynamics during synthesis and competing interfacial forces lead to complex structures, including
many states of incomplete phase separation.1 Competent
characterization of these materials is often very challenging
and sometimes seemingly impossible.6 Since the various
components of these composite particles are often chemically similar to each other, complete characterization requires both high spatial resolution and high chemical sensitivity. Transmission electron microcopy 共TEM兲 is a
technique with high spatial resolution and has made great
contributions to date. Due to potential preparation artifacts,
“round robin” characterization has been used to arrive at
sound morphological models.6 A complementary technique
that can provide excellent chemical sensitivity,7,8 but is presently limited in spatial resolution to ⬃40 nm,9 is scanning
transmission x-ray microscopy 共STXM兲.
Complementary to microscopy, scattering methods can
provide spatial information of ensemble averages approaching the  / 2 limit 共 = wavelength兲10 in a backscattering
geometry.2,11 Neutron scattering typically requires
deuteration.12,13 For hard x rays, scattering intensity is detera兲
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mined by electron density differences, which are often quite
low. Resonant 共anomalous兲 x-ray scattering 共RXS兲 can
achieve improved chemical differentiation.14–16 RXS with
soft x rays has previously focused on the study of magnetic
materials,17,18 but also offers important advantages for the
differentiation of small phases in soft condensed matter materials or for thin film analysis.19 Tunable RXS contrast was
demonstrated for spherical, single phase polymeric structures
embedded in a polymeric matrix20 and for block copolymer
samples.21 In this letter, the utility of RXS to characterize
more complex objects such as structured polymeric nanoparticles will be demonstrated, and the results will be discussed
in the context of conventional x-ray scattering, STXM, and
TEM capabilities.
Two types of styrene-acrylic polymer latex particles synthesized with a two step polymerization process were characterized. Sample A was composed of a poly共methyl methacrylate兲 共PMMA兲 first stage polymerization and a second
stage of a random copolymer of 30/ 70 w/w butyl acrylate
共BA兲 and styrene 共S兲 关P共BA-co-S兲兴. The conditions utilized
lead to nonspherical particles.6 Sample B was composed of a
random copolymer first stage of 40/ 60 w/w methyl acrylate
共MA兲 and MMA 关P共MA-co-MMA兲兴 and a second stage polymerization of polystyrene 共PS兲. Although the synthesis
conditions were similar to system A,6 a more complicated
structure resulted, in which phase separation is incomplete
and small domains of PS might be dispersed within the seed
particle core.
Nanoparticles were cast from a diluted aqueous suspension onto 100 nm thick silicon nitride 共Si3N4兲 membranes.
STXM measurements on such samples were performed with
the STXM at beamline BL5.3.2 of the Advanced Light
Source 共ALS兲 with a lateral resolution of ⬃40 nm.9 Scattering measurements on identically prepared or the very same
samples were performed at beamline BL6.3.2 of the ALS
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FIG. 1. 共a兲 TEM image of sectioned PMMA/P共BA-co-S兲. 共b兲 TEM image of
sectioned P共MA-co-MMA兲/PS. 共c兲 STXM images in optical density scale of
microtomed thin sections of PMMA/P共BA-co-S兲. 共d兲 STXM images in optical density scale of whole particles of PMMA/P共BA-co-S兲.

共Ref. 22兲 in transmission. Near edge x-ray absorption fine
structure 共NEXAFS兲 spectra of PS and PMMA were acquired at BL5.3.2. These absorption spectra were converted
to ␤, the absorptive part of the complex index of refraction
共n = 1 − ␦ − i␤兲, by scaling the pre- and postedges to the
Henke database.23 The dispersion ␦ was calculated from ␤
through Kramers-Kronig integral relations.18 Both samples
were sectioned for TEM and STXM analyses. For TEM, the
sections were also stained in ruthenium oxide 共RuO4兲 vapor
for selective PS contrast enhancement.
Sample A, PMMA/P共BA-co-S兲, was previously characterized extensively.6 The consensus “popcorn-type” shape
has P共BA-co-S兲 lobes protruding from a PMMA core and is
shown schematically in Fig. 1共a兲, along with TEM results of
one of the sample preparations described by Stubbs and
Sundberg.6 Sample B is not as well characterized. TEM of
RuO4 stained sections suggests that the PS 关dark region in
Fig. 1共b兲兴 was distributed more towards the outside region of
the particle. Yet the delineation of the outside edge and the
separation between PS and P共MA-co-MMA兲 are indistinct.
With NEXAFS microscopy, a core-shell-type structure can
be observed in the thin section and for the whole particles of
sample A 关Figs. 1共c兲 and 1共d兲, respectively兴. The mottled
nature and the larger size of the P共S-co-BA兲 signature in Fig.
1共d兲 corresponds to the morphology of P共S-co-BA兲兴 lobes on
a PMMA core, as indicated schematically in Fig. 1共a兲. In
contrast, whole particles of sample B, P共MA-co-MMA兲/PS,
did not show any contrast in images acquired using identical
STXM settings. Images at 532.2 eV, an energy corresponding to O 1s → *CvO transitions, also showed no contrast.
STXM data for sample B are thus not shown here. Calorimetry of sample B shows that these particles consist, however,
of polymer domains that are well phase separated. Hence, the
STXM and TEM observations must reflect the distribution
and small size scale of these domains and the limited chemical sensitivity, respectively.
The compositional sensitivity of RXS can be appreciated
from Fig. 2. Figures 2共a兲 and 2共b兲 show the ␤ 共absorption兲
and ␦ 共dispersion兲 of PS and PMMA in the vicinity of the
carbon 1s absorption edge, respectively. Two sharp charac-

FIG. 2. 共Color online兲 共a兲 Absorptive and 共b兲 dispersive terms of the complex index of refraction near the carbon K-edge photon energy region. 共c兲
Calculated scattered intensity for PS, PMMA, and vacuum. 共d兲 Calculated
scattering intensity for PS and PMMA. 关Solid line represents PS and the
dashed line represents PMMA in 共a兲–共c兲.兴

teristic peaks at 285.2 eV 共C 1s → *CvC transitions in the
phenyl ring of PS兲 and 288.4 eV 共C 1s → *CvO transitions
in the carbonyl moiety in PMMA兲 can be observed for ␤.8
Poly共butyl acrylate兲 and poly共methyl acrylate兲 have NEXAFS spectra similar to PMMA, but with slightly different C
1s → *CvO intensities. For the present discussion, we will
use the PMMA NEXAFS spectrum as the prototypical acrylate NEXAFS spectrum. The x-ray scattered intensity is proportional to 兩␦共E兲 + i␤共E兲兩兩␦共E兲 − i␤共E兲兩 and is at high photon
energies dominated by electron density differences. Near
resonance, the intensity is modulated strongly as shown in
Figs. 2共c兲 and 2共d兲, providing energy dependent, “moietyspecific” scattering. These RXS features should have a characteristic signature for a wide range of materials, similar to
and related to the well documented sensitivity of carbon
NEXAFS to composition in carbonaceous materials.24,25
Resonant scattering experiments of samples A and B
were carried out at three photon energies that were selected
to provide resonant enhancement for styrene 共285.2 eV兲 and
acrylics 共288.4 eV兲, and for scattering of polymer particles
“as a whole” 共320.0 eV兲. Figures 3 show scattered intensity
at these three photon energies versus q. Well defined oscillations can be observed for both samples due to the relatively
monodisperse size distribution of these particles. Irrespective
of the shape of particles, the low q maxima and minima in
these oscillations are related to the effective radius. Interestingly, the maxima and minima depend strongly on the photon
energy, reflecting the effective compositional radial distribution of the nanoparticles.26 The scattering of sample A indicates that the effective radius corresponding to the PS phases
is larger than the one corresponding to the PMMA phase.
The corresponding minima and maxima for the 285.2 eV
data, dominated by the PS signal, are at significantly lower q
values than the minima and maxima for photon energies of
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biological composite particles, vesicles, micelles, multiblock
copolymers, various colloids and microgels, miscible polymer blends, polymer solutions, microcapsules, and lipid
membranes, all of which are primarily composed of low Z
elements with high, tunable contrast near their K-shell absorption edges.
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FIG. 3. 共Color online兲 Scattered intensity of 共a兲 PMMA/P共BA-co-S兲 and 共b兲
P共MA-co-MMA兲/PS at 285.2 eV 共solid lines兲, 288.4 eV 共dotted lines兲, and
320 eV 共dashed lines兲. The theoretical scattering minima of dispersed ideal
spheres of radius R 共occurring for qR = 4.5, 7.73, 10.9, and 14.1兲 are indicated for R = 115 nm. This radius matches well with the independently derived size for these particles 共Ref. 6兲.

288.4 or 320 eV. This is consistent with prior knowledge of
sample A with a well defined PMMA core and a styrene-rich
“lobed shell.” In contrast to this, the scattering minima and
maxima for sample B do not exhibit a strong dependence on
photon energy. Furthermore, the minima in the 288.4 eV data
are at smaller q values than in the 285.2 or the 320 eV data.
The styrenic and acrylic phases have about the same effective radii with maybe a slight acrylic excess on the surface.
Thus, sample B does not have a clearly defined average coreshell structure. A more detailed analysis would require use of
more sophisticated models. The semiquantitative discussion
presented is sufficient to demonstrate the complementary
analysis capabilities of RXS.
The application of RXS will not be limited to the materials employed here. The extension of the technique to structured materials for which there are no TEM staining methods
共e.g., structured acrylic based nanoparticles兲 and to multiphasic materials in general is possible. In addition, RXS scattering is a “photon-in and photon-out” technique, and control of
the sample condition including in situ liquid environments
and temperature control will be similar to that already
achieved in STXM.27 The availability of several scattering
profiles will also much better constrain sophisticated models
of the samples than if only a single profile, as in neutron or
hard x-ray scattering, is available.
In summary, we demonstrated the compositional sensitivity of RXS and its utility for the characterization of nanoscale structured polymeric materials. Conventional XS would
not have been able to assess effective radii, and neither
STXM nor TEM was able to do so. Neutron scattering would
have required the use of deuterated species. RXS thus has the
potential to become a powerful complement to neutron and
conventional x-ray scattering, particularly for polymeric and

